Abstract. Iron ore sinter constitutes the major component of the iron-bearing burden in blast furnaces, and its reduction mechanism is one of the keys to improving the productivity of ironmaking. Iron ore sinter is composed of multiple iron oxide phases and calcium ferrites (CFs), and their heterogeneous reduction was investigated in terms of changes in iron chemical state: Fe III , Fe II , and Fe 0 were examined macroscopically by 2D X-ray absorption and microscopically by 3D transmission X-ray microscopy (TXM). It was shown that the reduction starts at iron oxide grains rather than at calcium ferrite (CF) grains, especially those located near micropores. The heterogeneous reduction causes crack formation and deteriorates the mechanical strength of the sinter. These results help us to understand the fundamental aspects of heterogeneous reduction schemes in iron ore sinter.
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Introduction
Iron ore sinter constitutes the major component of the iron-bearing burden in blast furnaces in most Asian-Pacific countries. Iron ore sinter is formed by liquid sintering at T > 1500 K, and is composed of iron oxide phases (mainly α -Fe 2 O 3 and partially Fe 3 O 4 ) and calcium ferrites (CFs) [1, 2] . Iron oxide grains with a diameter of several tens to hundreds of µm are bonded by CFs such as CaFe 2 O 4 , Ca 2 Fe 2 O 5 , and SFCA: Ca 2 (Ca,Fe,Al) 6 (Fe,Al,Si) 6 O 20 , which contain many pores with a diameter from µm to mm. In industrial processes, it is necessary to optimize the speed of reduction and minimize the degradation of mechanical strength during reduction, because the iron ore sinter can pile up as high as 30-40 m in the blast furnace. Therefore, it is important to understand where the reduction starts and how it progresses. We attempted to reveal the reduction process in terms of changes in the iron chemical state (Fe III , Fe II , and Fe 0 ) and crack formation in the sinter by X-ray absorption and TXM on both a macro and microscopic scale. The reduction reaction rates for Ca-Fe-O phases possibly found in iron ore sinter were measured by in situ QXAFS [3, 4] , and the results are summarized in Figure 1 . Reduction of the CF phases takes longer 
Experimental
Iron oxide ores were mixed with limestone flux and coke breeze, and heated by the combustion of coke breeze, resulting in heating up to temperatures of 1450-1600 K (above the eutectic temperature of CaO-Fe 2 O 3 : 1478 K). The sinter was heated up to T = 1173 K in a reducing gas atmosphere of CO:CO 2 = 0.5:0.5 (×10 -1 MPa). Macroscopic chemical mapping in 2D was carried out based on X-ray absorption measurements obtained by scanning the specimen ( Figure 2 ). The sinter was embedded in resin and sliced into specimens with a thickness of 20-30 µm. X-ray absorption near-edge structure (XANES) spectra were measured using ion chambers before and after absorption by the specimen. The XANES spectrum at each point is assumed to be expressed as the linear combination of those of Fe II O and Fe III 2 O 3 and the ratios were determined by least squares fitting. X-ray fluorescence was also measured using a silicon drift detector (SDD) in order to determine the chemical composition of iron and calcium. Experiments were carried out at the synchrotron undulator beamline BL-15A1 [5] of the Photon Factory, IMSS, KEK in Japan. The typical time for chemical mapping for 30 photon energies is a few hours for a 1-mm square in "on the fly" mode. Microscopic chemical mapping in 3D was carried out by X-ray microscopy (TXM) at the synchrotron wiggler beamline 6-2C of Stanford Synchrotron Radiation Lightsource in the USA, where 3D chemical mapping can be achieved with the capability of imaging a 32-micron field-of-view at 30-nm resolution using a capillary condenser and a zone plate [6] . A cylindrical pillar measuring approximately 20 um (dia.) × 30 µm (length) was cut from the iron ore sinter by FIB. Crack formation was investigated using X-CT with an in-house X-ray source. A rectangular specimen of 2×2×10 mm 3 was cut out from the iron ore sinter. A CCD camera with a scintillator was used as a detector. The transmission image was measured in steps of 1° or 2° in a 360° rotation with an energy of 70 keV. The minimum spatial resolution was as small as 0.7 µm. Figure 3 shows the results of iron chemical state mapping in 2D and compositional mapping of iron ore sinter before and after reduction. Figure 3 ). This is also the case in areas near large pores where the flow of reductive gas is high enough for easy reduction. Thus the heterogeneous reduction is caused not by the heterogeneous microstructures but by the different reaction rates intrinsic to iron oxides and CFs, which can be explained by the different reduction rates measured for single-phase powder specimens (Figure 1 ).
Results and discussion
This kind of heterogeneous reduction of bulk sinter is expected to easily cause microcracks, because the reduction leads to a large volume decrease [7] . Figure 4 shows (a) an internal slice taken from the volume X-CT dataset of the reduced sinter, and (b)-(e) extracted images from (a): (b) large pores, (c) cracks, (d) Fe-O oxides, and (e) CFs. Extraction of each component was carried out by setting threshold values for three regions: pores/cracks, Fe-O oxides, and CFs, and image processing considering the contrast difference at the boundaries. Crack formation was found to be highly correlated with the areas containing CFs as shown by the cross marks in (e). This suggests that possible sites for cracking are the interface between the reduction-advanced and the reduction-delayed area and/or the interface between the reduction-advanced area and the pre-existing pore area. The heterogeneous progress of reduction may trigger cracking; further investigation of the correlation between the heterogeneity and crack initiation is in progress. (a) (b) (c) 2µm
